OBJECTIVEdRoux-en-Y gastric bypass (RYGB) ameliorates type 2 diabetes in severely obese patients through mechanisms beyond just weight loss, and it may benefit less obese diabetic patients. We determined the long-term impact of RYGB on patients with diabetes and only class I obesity.
T he global spread of obesity is driving a parallel pandemic of type 2 diabetes, a disease afflicting .171 million people worldwide, causing~3 million deaths per year (1) . The therapeutic cornerstones for both obesity and type 2 diabetes are dieting, exercise, and medications. Long-term success rates of lifestyle modifications can be disappointing (2), however, and despite an ever-increasing armamentarium of pharmacotherapeutics, adequate glycemic control often remains elusive (3) . Moreover, most diabetes medications promote weight gain, and using them to achieve tight glycemic control increases risks of hypoglycemia (4) .
In cases where lifestyle interventions and medications fail to promote adequate weight loss and/or glycemic control, gastrointestinal surgery offers a powerful alternative (5) . Among patients with a BMI .35 kg/m 2 , bariatric surgery causes profound weight loss and ameliorates virtually all obesity-related comorbidities, with acceptable surgical morbidity and mortality rates of ;5 and ,1%, respectively, rates that are steadily declining as minimally invasive laparoscopic techniques evolve (6) (7) (8) (9) (10) (11) . The effect of Roux-en-Y gastric bypass (RYGB) on diabetes is especially impressive. Approximately 80-85% of severely obese patients with type 2 diabetes who undergo this operation experience full remission of diabetes, maintaining euglycemia without diabetes medications for $14 years thereafter (8, 12, 13) . Among severely obese patients, bariatric surgery lowers overall long-term mortality, with a remarkable 92% reduction in diabetes-related deaths (7, 14) .
Such encouraging results in patients with diabetes and a BMI .35 kg/m 2 , along with mounting evidence that RYGB engages weight-independent antidiabetes mechanisms (15, 16) , have prompted consideration of this operation in less obese individuals with type 2 diabetes (5) . Routine clinical use of RYGB, however, remains bounded by a 1991 National Institutes of Health consensus statement, which set limits for the use of bariatric surgery (17) . According to these criteria, a BMI $35 kg/m 2 with associated comorbidities, such as diabetes, is required to approve surgical obesity treatment.
Patients with a BMI between 30 and 35 kg/m 2 (class I obesity) constitute the most numerous class of obese persons (18) . Millions of these individuals suffer from poorly controlled diabetes despite attempted lifestyle modifications and pharmacotherapy; yet this group does not meet existing criteria for bariatric surgery (17) . We hypothesized that such patients might benefit from laparoscopic RYGB (LRYGB) and sought to evaluate this question carefully in a prospective, institutional review board-approved long-term study. Accordingly, we evaluated the effect of LRYGB on patients with type 2 diabetes and class I obesity. We examined whether LRYGB in these less obese patients could safely improve glycemic control, leading to remission or amelioration of diabetes and related comorbidities. Over a 6-year follow-up period, we prospectively measured postoperative changes in body weight, fasting plasma glucose (FPG), HbA 1c , and diabetes medication requirements, as well as operative safety, as main outcome measures. Additional outcomes included changes in lipid profiles, blood pressure, waist circumference, and estimated 10-year cardiovascular risk.
RESEARCH DESIGN AND
METHODSdWe prospectively studied 66 consecutively selected patients who had type 2 diabetes and a BMI of 30-34.9 kg/m 2 , who elected to undergo RYGB. There were 40 men and 26 women, mean age was 47 6 12 years (range 31-63), and all were white. The cohort sample size was defined pragmatically in advance based on the number of patients we could study with the grant procured to fund this work. The diagnosis of diabetes was based on the following American Diabetes Association criteria: FPG $126 mg/dL (7.0 mmol/L), or symptoms of diabetes plus casual plasma glucose $200 mg/dL (11.1 mmol/L), or 2-h postload glucose $200 mg/dL during a 75-gm oral glucose tolerance test (19) . Candidates were excluded if they had diabetes secondary to a specific disease (maturity-onset diabetes of the young, pancreatitis, or pancreatectomy), drug or alcohol addiction, recent vascular event (myocardial infarction, coronary angioplasty, or stroke within 6 months), internal malignancy, portal hypertension, inability to cooperate in long-term follow-up, poor understanding of the operation, or unrealistic expectations of outcomes or mental impairment (as judged by investigators during the first clinic visit).
Patients with type 1 diabetes or undetectable b-cell function were excluded (i.e., if any of the following were found upon testing in each candidate: diagnosed type 1 diabetes, anti-GAD or islet-cell autoantibodies, overnight-fasting C-peptide ,1 ng/mL, or unresponsive to a standardized mixed-meal challenge). For this test, after a 10-h overnight fast, a mixed meal was consumed (8 kcal/kg; 45% carbohydrate, 15% protein, and 40% fat; containing 1 g/kg glucose). Plasma samples were collected at 0, 30, 60, and 120 min, and C-peptide, insulin, and glucose concentrations were measured. To avoid C-peptide negativity from glucotoxicity, fasting glucose levels were medically controlled to ,120 mg/dL before this test.
All patients met American Diabetes Association criteria for diabetes, and none had merely impaired fasting glucose or impaired glucose tolerance. Diabetes was inadequately controlled (i.e., HbA 1c .8.0%) preoperatively in all cases, despite appropriate lifestyle modifications and use of oral antidiabetes medications and/or insulin for $1 year.
Participants underwent LRYGB and were serially followed postoperatively for up to 6 years. Table 1 shows preoperative patient characteristics pertaining to glucose homeostasis. The group had longstanding diabetes (mean duration 12.5 6 7.4 years) under poor glycemic control (mean HbA 1c 9.7 6 1.5%). Patients were evenly distributed across the BMI range from 30.0 to 34.9 kg/m 2 . Mean waist circumference was 113 6 4 cm for men and 101 6 7 cm for women. Comorbidity rates included hypertension 39%, hypercholesterolemia 50%, and hypertriglyceridemia 47%.
Preoperative evaluation
All patients received an extensive preoperative evaluation, including history and physical examination, nutritional and psychiatric evaluations, and specialty consultations as indicated. Subjects were screened for diabetes using FPG, careful history taking, and risk factor assessment; associated comorbidities also were recorded. Preoperative studies included complete blood count, urinalysis, serum chemistries, nutritional indices, pregnancy test (in women ,50 years), electrocardiogram, chest roentgenogram, and abdominal sonogram. If gallstones were detected, cholecystectomy was performed during LRYGB.
Surgical preparation included a detailed explanation of LRYGB and its benefits, alternatives, and risks (including short-and long-term complications, adverse effects, nutritional sequelae, and possible conversion to open surgery). Written informed consent was obtained from all subjects. All studies were conducted according to the principles expressed in the Declaration of Helsinki and were approved by the institutional review board of Marcia Maria Braido Hospital, a tertiarycare institution in São Paulo, Brazil.
Surgical technique
Participants underwent a standard, proximal LRYGB, performed by one surgical team (lead surgeon, R.V.C.), as previously described (20) . The operation involves an antecolic, antegastric Roux limb, a 100-cm bilio-pancreatic limb, a 150-cm alimentary limb, and a 25-to 30-mL gastric reservoir. A 12-mm gastro-jejunal anastomosis was created using a linear stapler. Thromboembolic prophylaxis consisted of perioperative pneumatic compression and low-molecularweight heparin (40 mg) during anesthetic induction.
Postoperative management
Patients recovered postoperatively in the surgical ward unless they required intensivecare unit observation. Intravenous analgesia without opioids was prescribed. A clear liquid diet was started on postoperative day 1 if no complications were detected by physical examination and/or radiographic testing. Patients were discharged from the hospital when oral liquids were well tolerated and FPG was ,120 mg/dL. Pureed food was started by postoperative week 2 and solids by week 3. The original surgical team performed all follow-up visits at 7, 30, and 90 days and then at 6, 12, 24, 48, 60, and 72 months after surgery. All of these examinations were conducted in person, rather than through nurses or telephone interviews. No patients from the original cohort have been lost to follow-up.
Each patient received standardized nutritional orientation, emphasizing dietary sources of protein, B vitamins, iron, Criteria for reduction or withdrawal of diabetes medications Diabetes medications were titrated, with dosage decreased if fasting and postprandial glucose levels were ,120 and ,160 mg/dL, respectively. Diabetes medications were discontinued if HbA 1c levels remained ,6.4%.
Changes in diabetes-related conditions
We also assessed other metabolic syndrome components (hypertension, hypercholesterolemia, and hypertriglyceridemia) as defined by The Endocrine Society guidelines (21) . Hypertension was considered resolved if a patient was normotensive (,130/80 mmHg) without blood pressure medication. Hypercholesterolemia and hypertriglyceridemia were considered resolved if serum levels of these lipids normalized without lipid-lowering medication (e.g., triglycerides ,150 mg/dL; LDL ,130 mg/dL in patients with resolved diabetes or ,100 mg/dL in patients with persistent diabetes) (21). Predicted 10-year risk of cardiovascular disease was calculated using the UK Prospective Diabetes Study (UKPDS) risk engine (22) .
Statistical analyses
Continuous data are presented as means 6 SD or SE, as indicated. Changes from baseline in metabolic parameters were evaluated with Bonferroni-adjusted repeated-measures ANOVA. Statistical analyses were conducted using SPSS software, version 12. All tests were two sided, and P values ,0.05 were considered significant.
RESULTS

Operative safety
There were no major intraoperative complications or conversions to laparotomy. Mean operative time was 46 6 12 min (range 33-155). Postoperatively, there were eight port-site hematomas, one anastomotic ulcer, and one urinary tract infection (i.e., 15% minor complication rate). There were no major surgical complications (i.e., no deep-vein thrombosis, venous thromboembolism, tracheal reintubation, endoscopy, tracheostomy, percutaneous drain placement, abdominal reoperation, or failure to be discharged within 30 days) (10) . There was no mortality. Mean hospital stay was 48 6 16 h (range 1.5-4.0 days).
Main outcome measures: glycemic control
We remain in personal contact with, and have recent data from, all patients in the original cohort (i.e., follow-up rate is 100%). The median follow-up time is 5 years (range 1-6). Despite patients having severe, longstanding type 2 diabetes (disease duration 12.5 6 7.4 years), mean HbA 1c for the entire cohort fell progressively throughout the study from 9.7 6 1.5 to 5.9 6 0.1%, and FPG fell from 156 6 11 to 97 6 5 mg/dL (P , 0.001 for both) (Fig. 1) . Most of these changes, especially for HbA 1c , occurred within the first 6 months. Likewise, insulin resistance, as roughly estimated by the homeostasis model assessment, fell markedly within the first 6 months then generally continued to decline more slowly thereafter (9.2 6 2.3 at baseline, 3.4 6 1.5 at 6 months, 3.3 6 1.1 at 12 months, 2.5 6 1.4 at 24 months, 2.0 6 0.9 at 48 months, 2.2 6 1.3 at 60 months, and 2.3 6 0.8 at 72 months). Remission of diabetes (i.e., HbA 1c ,6.5% without diabetes medications) was achieved in 88% of patients (58 of 66) (Fig. 1C) , whose diabetes medications were discontinued 3-26 weeks after surgery. In this group, the mean duration of known diabetes was 8.0 6 2.5 years (range 1.5-19). Seven subjects took insulin preoperatively, and the rest used oral diabetes medications. No patient who experienced diabetes remission based on a diabetes drug-free HbA 1c ,6.5% subsequently exhibited an HbA 1c greater than that level or resumed diabetes medications in later evaluations. In other words, there was no recurrence of diabetes following remission during our 6-year follow-up.
Improvement of diabetes without full remission was observed in 11% of patients (7 of 66) (Fig. 1C) . This group achieved diabetes control (HbA 1c ,7.0%) with decreased usage of oral diabetes medications and withdrawal of insulin when previously used (at 3-14 weeks after surgery). The mean duration of known diabetes in this group was 7.2 6 5.5 years (range 2-11). Preoperatively, two of the "improved" patients used insulin; the remainder used oral agents.
Only one patient, with 3 years of known diabetes, showed no clear postoperative disease improvement. Before surgery, he used insulin glargine 16 IU/day, pioglitazone 30 mg/day, and metformin 2 g/day. Insulin was withdrawn 7 months after surgery, and diabetes has subsequently been controlled with 50 mg vildagliptin b.i.d., pioglitazone 15 mg/day, and metformin 2 g/day. The patient experienced 72% excess weight loss at 48 months (his latest follow-up), similar to the weight loss in both the "resolved" and "improved" groups. Both at baseline and 48 months post-RYGB, his anti-GAD and islet-cell autoantibodies were negative, and his C-peptide levels were detectable (1.8 fasting and 2.8 ng/mL postmeal at baseline, 2.0 fasting and 2.1 ng/mL postmeal at 48 months).
Major, progressive reductions in waist circumference and total body weight were observed in all patients (P , 0.001 for both measures) (Fig. 1E-H ). There were no apparent differences, however, in the magnitude of decrease in either parameter between patients who experienced diabetes remission and those who experienced only improved diabetes. Moreover, we could find no preoperative characteristics that predicted remission versus mere improvement in diabetes nor that influenced the kinetics of reduced glycemia, including baseline insulin usage and duration of diabetes. There also were no apparent preoperative characteristics distinguishing the Figure 1dImprovement in glycemic control during 6 years following RYGB. Mean (6 SE) HbA 1c (A) and FPG (B) for the entire cohort decreased from values representing poorly controlled diabetes, despite all patients being on diabetes medications at baseline, to the nondiabetic or normal range from 6 months through 6 years after RYGB, with 88% of patients discontinuing all diabetes medications. n = 66 at 0, 6, and 12 months; 59 at 24 months; 48 at 48 months; 37 at 60 months; and 30 at 72 months (i.e., 6 years). These n values decrease over time because not all patients have yet made it to the longer follow-up times; no one from the original cohort has been lost to follow-up. C: At the time of the latest follow-up, 88% of patients experienced remission of diabetes (i.e., HbA 1c ,6.5% off all diabetes medications), 11% had improved diabetes, and only 1 individual did not display a clear change in glycemic control. Remission occurred between 3 and 26 weeks after RYGB, and no one in the "diabetes remission" group has subsequently experienced a recrudescence of diabetes during follow-up. Classification as "diabetes improved" was based on participants' status at the time of the latest follow-up. All patients who used insulin at baseline discontinued insulin usage between 3 and 14 weeks after surgery. D: Plasma glucose and C-peptide levels after an overnight fast and 120 min after a standardized mixed-macronutrient test meal, assessed before and after RYGB. Postoperative values are shown at the longest time point of individual follow-up. *Significant difference between equivalent preoperative and postoperative measurements (P , 0.004 in all cases). E-H: There was similar loss of adiposity over 6 years among patients who experienced full remission vs. only improvement of diabetes. Waist circumference (E and G) and total body weight (F and H) decreased markedly in both the "resolved" (n = 58) and "improved" (n = 7) diabetic groups. Reductions in both parameters were highly significant over the course of the study (P , 0.001 for all four panels shown in E-H), but there were no apparent differences in the magnitude of change in waist circumference or body weight between patients who experienced remission vs. only improvement of diabetes. Although mean waist circumference and body weight in the entire cohort increased modestly toward the end of the study, diabetes did not recur in any case where it had resolved. T2DM, type 2 diabetes. Data represent means 6 SE.
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one individual who experienced no clear change in diabetes status from those whose diabetes remitted or improved. This outlier patient did not seem to have misdiagnosed type 1 diabetes, given his persistently negative autoantibody studies, as well as detectable fasting and meal-stimulated C-peptide levels, both at baseline and his latest follow-up. To investigate the relationship between the magnitude of weight loss and the degree of improved glycemia, we generated regression lines for change in body weight compared with changes in both FPG and HbA 1c , with each comparison made at 6 months and also at 1, 2, 4, 5, and 6 years after RYGB. There were no significant correlations between the amount of weight loss and the magnitude of decrease in either FPG or HbA 1c at any time point before 5 years (data not shown). Only at 5 and 6 years did we observe significant correlations between weight loss and decrease in FPG (r = 0.541, P = 0.001 at 5 years; r = 0.431, P = 0.017 at 6 years). There were no such correlations between weight loss and decrease in HbA 1c at any time point.
Overnight-fasting and meal-stimulated plasma C-peptide levels were measured preoperatively to help exclude patients with type 1 diabetes. These parameters were reassessed postoperatively to estimate whether RYGB affected b-cell function. In response to a standardized test meal, the ratio of change in C-peptide to change in glucose increased from 18.0 preoperatively to 78.
at the longest time of individual follow-up (P , 0.001) (Fig. 1D) , suggesting increased b-cell secretory function and sensitivity to glucose. There was no correlation between the magnitude of increase in this measure of b-cell sensitivity to glucose and the amount of body weight lost (r = 0.03, P = NS).
Additional outcome measures: other cardiovascular risk parameters
Among patients with other metabolic syndrome features, hypertension resolved in Figure 1dContinued 58% (15 of 26), hypercholesterolemia resolved in 64% (21 of 33), and hypertriglyceridemia resolved in 58% (18 of 31). Mean blood pressure for the entire cohort decreased progressively over 6 years (P , 0.05 for diastolic and systolic) (Fig. 2) , with reductions in diastolic pressure reaching statistical significance by 6 months and thereafter and reductions in systolic pressure becoming significant by 48 months and thereafter. Mean lipid parameters for the group also improved steadily for 6 years (Fig. 2 ). There were clear, progressive reductions in total cholesterol (P , 0.001), LDL cholesterol (P , 0.001), and triglycerides (P = 0.003) as well as an increase in HDL cholesterol (P = 0.002).
Predicted 10-year risk of cardiovascular disease, calculated using the UKPDS risk engine (22) , fell substantially after surgery, with the following changes in risk of events (Table 2) : 71% decrease in coronary heart disease (CHD, P = 0.001), 84% decrease in fatal CHD (P = 0.001), 50% decrease in stroke (P = 0.01), and 57% decrease in fatal stroke (P = 0.009).
Figure 2dImprovements in blood pressure and lipid levels during 6 years following RYGB. There were significant, progressive decreases in average systolic and diastolic blood pressure (P , 0.05 for both) in the entire cohort over the course of the study. There also were significant, progressive decreases over the course of the study in total cholesterol (P , 0.001), LDL cholesterol (P , 0.001), and triglycerides (P = 0.003), as well as an increase in HDL cholesterol (P = 0.002). Data represent means 6 SE for all patients; n values are the same as in Fig. 1. care.diabetesjournals.org DIABETES CARE, VOLUME 35, JULY 2012
CONCLUSIONSdBecause RYGB typically promotes complete remission of type 2 diabetes in severely obese patients (8, 12, 13) , and because mounting evidence indicates that this results from hormonal and metabolic mechanisms beyond just the consequences of weight loss (5, 15, 16, 23) , evaluating the use of RYGB to treat diabetes in less obese patients is logical (5,23).
Here we report the largest and longestterm study to date examining the efficacy and safety of RYGB to treat type 2 diabetes in patients with class I obesity (i.e., below the BMI cutoff for bariatric surgery by existing standards) (17). Our 6-year results are favorable regarding this novel surgical approach to diabetes care among less obese patients. Complete diabetes remission was achieved in 88% of cases, with improvement in an additional 11%. Only 1 patient among 66 showed no clear amelioration of diabetes. Postoperative changes in the C-peptide and glucose responses to test meals demonstrated improved b-cell function, despite patients aging, suggesting that RYGB can reverse the progressive b-cell failure that characterizes type 2 diabetes. The impressive improvement in glycemic control we observed was accompanied by substantial reductions in hypertension and dyslipidemia, yielding major improvements in predicted cardiovascular disease risk from fatal and nonfatal CHD and strokes. There was no mortality, significant surgical morbidity, excessive weight loss, or malnutrition, emphasizing the safety and efficacy of RYGB in patients with type 2 diabetes and a BMI of 30-35 kg/m 2 . Because we did not directly compare the safety and efficacy of RYGB in patients with class I obesity to results in more obese patients who would traditionally qualify for bariatric surgery, we cannot make strong conclusions regarding contrasts between these two populations. Nevertheless, the 88% diabetes remission rate we found in patients with BMI ,35 kg/m 2 seems at least comparable to that observed among conventional bariatric surgery patients with BMI .35 kg/m 2 , in whom diabetes remission rates are historically 80-85% (8, 9, 12, 13) . Likewise, the operation seemed to be at least as safe, or perhaps safer, in our less obese cohort as in heavier patients. Our rates of mortality, major morbidity, and minor morbidity were 0, 0, and 15%, respectively, compared with expected rates of 0.2, 4-5, and 10-15% in patients with BMI .35 kg/m 2 undergoing LRYGB (8, 10, 11) . Although excessive weight loss is a theoretical concern for less obese individuals undergoing weightreducing surgery, this did not occur in our study. The lowest postoperative BMI we observed was 23.6 kg/m 2 (solidly within the healthy-weight range), and evidence of malnutrition was not manifest in any subject. In summary, among our patients with BMI 30-35 kg/m 2 , both the safety and efficacy of LRYGB to treat type 2 diabetes seemed to be at least as good or perhaps better than is typically expected in patients with BMI .35 kg/m 2 . We observed impressive effects of RYGB on diabetes even though our subjects had very severe diabetes. A previous 2-year examination of laparoscopic adjustable gastric banding (LAGB) to treat type 2 diabetes in adults with BMI 30-40 kg/m 2 reported an excellent 73% diabetes remission rate; but those subjects had very mild diabetes, with disease duration of ,2 years in all cases, only 3% taking insulin, and average preoperative HbA 1c 7.7% (24, 25) . In contrast, we observed an even higher 88% diabetes remission rate after RYGB in patients with class I obesity, despite our subjects having very severe diabetes (disease duration 12.5 6 7.4 years, 15% taking insulin, and preoperative HbA 1c poorly controlled at 9.7 6 1.5%). Duration of disease and insulin usage are the strongest predictors of diabetes persisting after RYGB in patients with BMI .35 kg/m 2 (9, 12, 13 ); yet although our study subjects had longstanding, poorly controlled diabetes, and many were insulin requiring, the large majority achieved disease remission. In short, among patients with BMI ,35 kg/m 2 , we found a higher diabetes remission rate with longer follow-up and more subjects than has been observed following LAGB, despite our patients having far more severe diabetes.
Although weight loss undoubtedly plays an important long-term role in improving glycemia after RYGB, several of our findings are consistent with additional weight-independent antidiabetes effects of this operation, as has previously been proposed (5, 15, 16, 23) . We found no relationship between change in body weight and change in HbA 1c at any postoperative time point from 6 months through 6 years. Likewise, we found no correlation between changes in body weight and FPG until 5 years after surgery, even though all of the patients who experienced diabetes remission had achieved such remission by just 6 months. There also was no relationship between the amount of weight lost and the magnitude of improvement in b-cell sensitivity to glucose. Finally, there were no apparent differences in the time-course curves for loss of either body weight or waist circumference among patients who experienced full remission versus only improvement of diabetes.
Lowering of HbA 1c in our study seemed to occur more rapidly than did reduction of FPG (Fig. 1A and B) . Differences in the maximum possible speed of change in these two parameters would predict the opposite results, and, moreover, the earliest post-RYGB follow-up time point still is late enough to reflect steady-state responses in both measurements to any immediate postoperative changes. Theoretically, the difference in kinetics suggests that perhaps post-RYGB improvements in daytime and/or postprandial glucose levels (reflected in HbA 1c ) occurred unexpectedly earlier than did changes in fasting values.
Our favorable results confirm and extend observations made in smaller, shorter pilot studies exploring RYGB in patients with BMI ,35 kg/m 2 . These . However, that recommendation was based on limited, short-term data then available (5). Our study, which is by far the largest and longest on this topic to date, helps affirm this new guideline.
Although lowering the BMI threshold for RYGB in patients with type 2 diabetes from 35 to 30 kg/m 2 would be a modest numerical change, it would affect a very large population because the BMI distribution peak among diabetic patients lies within this range (18 . However, our favorable findings from a relatively large, long-term study help justify such trials to clarify whether standard indications for RYGB should be broadened and whether this operation might be viewed primarily as "metabolic," rather than "bariatric," surgery.
